P
ancreatic cancer is the fourth leading cause of cancer mortality in the United States. 1 Although mortality rates continue to decline at other major cancer sites such as colorectal, breast, and prostate, minimal improvements have been made with pancreatic cancer. Currently, surgical resection followed by adjuvant treatment represents the only potential curative treatment option. However, only 20% to 30% of pancreatic cancer patients are candidates for curative resection due to advanced disease at presentation. 2 Even among patients undergoing surgical resection, they remain at high risk for local and/or distant recurrence, 3 illustrating the need for advancements in treatment options.
Cholesterol is a critical component of the mammalian membrane lipid bilayer and is therefore fundamentally required for cell growth and proliferation. Statins, a widely prescribed group of hyperlipidemia medications, are known to inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA reductase), thus reducing cholesterol biosynthesis and serum lipids. Given their efficacy in reducing cholesterol availability, statins have been hypothesized to impede tumorigenesis and disease metastasis. 4 By reducing downstream products of the mevalonate pathway, statins have been shown to alter protein expression consistent with proapoptotic and antiproliferative states, 5, 6 and increase intracellular reactive oxygen species production, leading to cytotoxic effects in cancer cells. 7 Experimental studies have further suggested statin medications may hinder the progression from G 1 to S phase in cell cycle progression, highlighting potential radiosensitizing effects. 4 Therefore, baseline statin usage before and after primary cancer diagnosis has been hypothesized to improve cancer-specific outcomes.
Although preclinical data are promising, clinical data to support the hypothesized chemopreventive effects against cancer are scant. 8, 9 In lieu of these findings, some have speculated that statins may have effects in preventing disease progression and synergizing with other cancer treatments, rather than impeding tumorigenesis. Indeed, several studies thus far have linked statin use to improved cancer outcomes at numerous sites. [10] [11] [12] However, to our knowledge only 2 studies have examined the impact statin use may have on survival in pancreatic cancer patients, both noting significantly improved overall survival in early-stage disease. 13, 14 In the present study, we examine the relationship between statin use before, during, and after cancer diagnosis, and overall survival, locoregional failure, and distant metastasis. We hypothesized that baseline statin use would correlate with improved cancer-specific outcomes.
MATERIALS AND METHODS

Patient Population
After institutional review board approval, we retrospectively evaluated the medical records of all patients with newly diagnosed pancreatic adenocarcinoma and treated with radiation therapy at the University of Pittsburgh Hillman Cancer Center between 2004 and 2014. Because of institutional practice preference, all patients received stereotactic body radiation in single or 3-fraction regimens as monotherapy or combination treatment with surgery and systemic therapy. In cases of multimodality therapy, radiation was delivered either adjuvantly or neoadjuvantly with surgery and/or chemotherapy at the discretion of the primary treatment team.
Measures and Exposure Data
Patient and disease characteristics including age, race, sex, comorbidities, medications, preradiation therapy body mass index, lymph node status, and treatment protocol were collected from electronic medical records. In accordance with previous work 13 and to better evaluate the impact of duration/timing of exposure, we further classified baseline statin exposure as usage before or at diagnosis and active usage as statin dispensation after primary cancer diagnosis. This method represents a practical manner to help elucidate if statins may influence outcomes in this study cohort by systemic effects, local synergistic effects with radiation therapy, or not at all.
Prior studies have quantified daily statin dosages in an attempt to establish a dose-response relationship between statin medications and outcomes. 11 We collected available simvastatin and atorvastatin dosages, standardized to simvastatin equivalents, and stratified dosages into interval intensity groups. Unfortunately, statin dosages were infrequently recorded and were therefore not included for analysis. Considering most prior statin users were also active users (91.5%) in our cohort, an additional benefit of stratifying statin use chronologically is that this approach allows us to analyze the effect cumulative statin dose may have on our primary outcomes of interest. Furthermore, the use of a lag period in which medication users switch from the unexposed to the exposed group after a predetermined duration of medication use is recommended to reduce reverse causation bias. 15 The electronic medical record, PowerChart (Cerner, UK), records the date of medication prescription and cessation. Given that similar studies have used 6 months as an appropriate lag period, 16 we excluded patients from the statin group if they discontinued statin medications before 6 months of exposure.
Statistical Analysis
Primary outcomes assessed included overall survival, locoregional recurrence, and distant metastases. Given the poor prognosis of pancreatic cancer, we found overall survival to be an appropriate measure of cancer mortality. Local progression was defined using RECIST 1.1 criteria, with an increase of at least 20% in sum of tumor diameters and an absolute increase of ≥ 5 mm was considered as progressive disease. 17 Disease progression to regional lymph nodes identified as n1, n2, or n3 in JPS classification or new pancreatic malignancy outside of the radiation field was characterized as regional failure. Locoregional recurrence was defined as the presence of local failure, regional failure, or both during the study period. We conducted Kaplan-Meier survival analyses to estimate the timeto-event for each of our primary outcomes. Select variables were analyzed in univariate survival analysis, including patient characteristics, medications, comorbidities, treatment protocol, and lymph node status. Variables that attained or approached significance (P = 0.10) on univariate survival analysis were considered for multivariable Cox regression. Given the number of events, multivariable Cox proportional-hazards regression analyses was completed including all variables with P < 0.10 as a generous cut-off in addition to those of clinical interest or significance. Data were analyzed using IBM SPSS Statistics Version 23 (IBM, Armonk, NY).
RESULTS
Patient Demographics
We identified 308 patients with advanced-stage pancreatic cancer treated between 2004 and 2014. Patients with nonadenocarcinoma histology (n = 5) were excluded, and the remaining 303 patients were included for analysis. Our study cohort was composed of a balanced proportion of males and females, at 152 (50.2%) and 151 (49.8%), respectively. Approximately half (44.9%) of patients underwent surgical resection, the majority received chemotherapy (81.8%), and a small group received immunotherapy (4.0%). Among our study cohort, 59 (19.5%) patients were identified as statin users at or before diagnosis and 71 (23.4%) as active statin users after diagnosis. As previously alluded to, among the 59 patients on statin medications at or before the time of diagnosis, 54 (91.5%) continued statin therapy after cancer diagnosis. Baseline demographics and clinical characteristics are presented in Table 1 .
Univariate Analysis
The median survival of our study cohort was 18. Table 2) .
Increasing age was associated with increased all-cause mortality when assessed continuously (unadjusted hazard ratio [HR], 1.017; P = 0.003). Treatment approach was significantly associated with survival on univariate analysis (P < 0.001) (Fig. 1 ). Improved survival rates were associated with resectable disease (2-year estimate, 58.8%) followed by borderline resectable disease (42.5%), and finally unresectable disease (16.2%; P < 0.001) ( Table 3) . Surgical resection was identified as a consistent significant parameter associated with survival (15.0% vs. 61.3%; P < 0.001). Other oncologic treatment options, including immunotherapy (33.5% vs. 91.7%; P = 0.012) and chemotherapy (9.8% vs. 41.3%; P < 0.001) were also associated with improved survival. Patient comorbidities were not associated with mortality.
Statin usage, both as prior (34.0% vs. 41.1%; P = 0.021) and active exposure (34.1% vs. 39.4%; P = 0.030) was associated with enhanced overall survival in our patient population (Fig. 2) . Furthermore, statin use correlated with increased 2-year overall survival in the subset of patients undergoing radiation therapy, surgery, and chemotherapy (55.0% vs. 84.1%; P < 0.001) ( Table 4) . As expected, this finding was despite a greater proportion of patients with comorbidities, older mean age and lower use of chemotherapy among those receiving statins (Supplementary Table 1 
Multivariable Analyses
Variables that approached or achieved significance at the P ≤ 0.10 level were considered for multivariable Cox regression. Further analysis showed that both surgery and chemotherapy remained as significant independent prognostic factors ( Table 5 ). As statin use before or at diagnosis and active statin use were interacting variables, separate Cox regression models were calculated for each of these 2 variables. In addition, to reduce the risk of immortal time bias associated with treatment arms, a conditional landmark analysis was conducted using a 6-month follow-up cutoff.
After applying a conditional landmark of 6 months, statin use before or at diagnosis was independently associated with all-cause mortality (adjusted HR, 0.662; P = 0.027), primarily by a reduction in the risk of distant metastasis (adjusted HR, 0.577; P = 0.06) (Fig. 3) . Active statin use was similarly associated with a reduced risk of all-cause mortality following immortal time bias correction (adjusted HR, 0.712; P = 0.049), with a nonsignificant trend to reduction primarily in distant metastasis (adjusted HR, 0.829; P = 0.444).
DISCUSSION
In the present analysis, we found that statin use before or at diagnosis was associated with a significantly reduced allcause mortality (HR, 0.662), primarily through a reduction in distant metastases (HR, 0.577), in advanced-stage pancreatic cancer patients treated with stereotactic body radiotherapy. While active statin use had a similar correlation with overall survival, the strength of this association appeared less robust in comparison (HR, 0.049). On the basis of these associations, statins may work to improve outcomes for advanced-stage pancreatic cancer treatment.
These results are biologically plausible. By inhibiting the rate-limiting enzyme, statin usage results in an absolute reduction in downstream products of the mevalonate pathway. Namely, farnesyl diphosphate and geranylgeranyl diphosphate are downstream moieties required for prenylation and activation of Ras and Rho, respectively. 4, 18 A diminished flux through this biochemical pathway may result in reduced membrane association, activation, and proliferative effects of these GTP-binding proteins. Given that activating mutations in these proteins are known to be associated with 20% to 33% of all cancers, 19, 20 statins may be an effective complementary treatment option in malignancies with these phenotypes. Genome-wide expression analysis has further revealed mutated tumor suppressor protein p53 to significantly upregulate the mevalonate pathway. 21 While molecular subtyping is limited in directing pancreatic cancer treatment, expression of SMAD4, a signaling protein from transforming growth factor-β that enables cell cycle arrest and has tumor suppressor features, has been associated with significantly improvements in survival. 22 As statins enhance the transforming growth factor-β/SMAD pathway, thereby promoting apoptosis, statins may be most efficacious in pancreatic cancers that express SMAD. Interestingly, statin use in these malignancies has been shown to mimic the phenotype of mutant p53 depletion, and as discussed above, statins seem to obstruct cell cycle progression, arresting cells in G1, suggesting they may exert potent radiosensitizing effects. [23] [24] [25] All patients in this cohort received radiation therapy, thus statin-induced radiosensitization of the pancreatic cancer cells was possible. Finally, we found comparable evidence for statin usage improving survival both before and after diagnosis. These findings potentially support both a systemic effect and synergy with radiotherapy and chemotherapy as potential mechanisms by which statins may enhance survival in this cohort.
HMG-CoA reductase inhibitors selectively act in the liver by reducing hepatic cholesterol biosynthesis, thus resulting in enhanced low-density lipoprotein receptor turnover and ultimately decreased plasma low-density lipoprotein concentration. As statins primarily localize in the liver, it seems possible that the primary antitumor effects may be by lowering serum cholesterol and depriving rapidly dividing malignant cells of necessary constituents for proliferation. Low-serum cholesterol, not entirely explained by poor nutrition, has been observed in cancer patients. 26 Accordingly, the systemic effects associated with statin use remains a viable hypothesis for improving cancer-specific outcomes at extrahepatic sites. As a result, there are currently 36 trials testing the efficacy of statins to improve outcomes in several cancer subsites (clinicaltrials.gov).
Improvement in outcomes in the treatment of other cancer subsites are associated with statin use, including breast 27 and prostate cancer. 28 However, a recent literature review yielded only 2 previous studies evaluating the impact of statins on survival in pancreatic cancer patients. In a 226-patient cohort, Wu et al 13 reported both prior and active simvastatin usage to be associated with improved survival in early-stage pancreatic cancer patients undergoing resection. Although they reported a stronger association between survival and statin usage, our data are consistent with these results. Given the cohort of the preceding study was entirely comprised of early-stage disease in comparison to our advanced-stage population, it seems feasible that less advanced cancers with longer overall survival times may generate a more noticeable effect.
Furthermore, research failing to describe a relationship between statin treatment and survival in other cancer sites has speculated that flawed study design may yield erroneous results in previous statin-survival analyses. 29 Emilsson and colleagues cite confounding, selection, and immortal time bias as possible threats to the validity of previous data. The risk of confounding bias is inherent to observational studies, however, we accounted for this possibility by considering any variable with P < 0.10 for inclusion in our multivariable model and providing a conditional landmark to avoid immortal time bias associated with treatment arms. In addition, we desired to assess time dependence of statin use. While this could not be evaluated on a continuous time scale due to concerns about medical record accuracy/availability of the exact date of initiating statins, we were able to identify differences in those exposed to statins within a 6-month window of treatment and those only using statins during treatment. As discussed previously, those exposed before and at diagnosis appeared to have a more robust association with survival benefit, indicating separate potential systemic and synergistic effects with radiotherapy. This benefit was upheld even when accounting for immortal time bias that could skew the influences of other treatment arms in multivariable analysis. This retrospective work has several limitations including heterogeneity of the sample group. However, this did allow for a larger cohort that enabled accounting for the varying treatment modalities and their impact on outcomes. Statin dosages were rarely available for collection, and we were therefore unable to establish a dose-response relationship which may have reinforced our findings. However, large analyses have failed to describe a dose-response relationship, indicating that the impact of statins on survival may be a binary relationship. 11 We were unable to investigate the relationship between individual statin agents and outcomes as prescribed statin medications varied and the heterogenous nature of the prescribed statins left small numbers for individual analysis. It is possible that characteristics of individual statin medications such as lipophilicity may influence outcomes in cancer patients and represents an area of future research. Because of limitations with access to records among all patients indicating the exact start of statin use (i.e., records from the prescribing physician), we could not assess exact time points and their influence on outcome gains seen. Finally, patient data were acquired retrospectively, and unavoidable confounding is possible.
CONCLUSIONS
To our knowledge this is the first study to analyze how statin therapy may affect survival, locoregional failure, and distant metastasis in advanced-stage pancreatic adenocarcinoma. In the present study, we report an association between statin use and cancer-specific outcomes, revealing the efficacy of statin use as an ancillary cancer treatment option. Future prospective studies are needed before statins can be justified for off-label usage against pancreatic cancer.
